Acid Indigestion in the Endosome: Linking Signaling Dysregulation to Neurodevelopmental Disorders  by Yap, Chan Choo & Winckler, Bettina
Neuron
PreviewsAcid Indigestion in the Endosome:
Linking Signaling Dysregulation
to Neurodevelopmental DisordersChan Choo Yap1 and Bettina Winckler1,*
1University of Virginia, Department of Neuroscience, 409 Lane Road, Charlottesville, VA 22908, USA
*Correspondence: bwinckler@virginia.edu
http://dx.doi.org/10.1016/j.neuron.2013.09.018
The sodium-proton exchanger NHE6 contributes to proper endosomal acidification. NHE6 mutations are
also linked to autism-related disorders. In this issue of Neuron, using NHE6-knockout mice, Ouyang et al.
(2013) uncover how dysregulation of endosomal pH leads to disturbances in BDNF signaling and neuronal
morphogenesis defects.Endocytosis and trafficking through en-
dosomes are fundamental cellular pro-
cesses that have been studied widely
by cell biologists for decades. Defects
in and dysregulation of endocytosis
and endosomal trafficking have been
strongly implicated in neurodegenerative
diseases, such as Alzheimer’s disease,
Huntington’s disease, and others (Li and
DiFiglia, 2012; Nixon et al., 2001). In addi-
tion, the importance of these processes
for neuronal development and function
is becoming increasingly apparent (Yap
and Winckler, 2012). Some human disor-
ders that are caused by disturbance
of neural development might therefore
also have primary defects in endocytosis
and the endolysosomal pathways. Eric
Morrow and colleagues (Ouyang et al.,
2013) now characterize the cellular phe-
notypes of knockout mice deficient in
the endosomal sodium proton exchanger
NHE6, a gene linked to a human neuro-
developmental disorder with autism fea-
tures, called Christianson’s syndrome
(Gilfillan et al., 2008). Mutations in NHE6
account for 1% of X-linked mental retar-
dation, and mutations in another endo-
somal NHE protein, NHE9, are linked to
Angelman’s syndrome, also a neurodeve-
lopmental disorder with autism features
(Walsh et al., 2008). Ouyang et al. (2013)
now show that loss of NHE6 results in
defects in neuronal morphogenesis,
including dendrite and axon branching,
dendritic spine formation, and a decrease
in synapse number leading to reduced
connectivity of mutant brains. Similar
phenotypes are also linked to human
diseases with autism features (Walsh4 Neuron 80, October 2, 2013 ª2013 Elsevieret al., 2008). Furthermore, BDNF signaling
elicited in endosomes via TrkB is
decreased in NHE6 knockout mice, and
this likely accounts for at least some of
the observed phenotypes.
Previous work on NHE6 knockout
mice uncovered axonal dystrophy in the
cerebellum (Strømme et al., 2011), strik-
ing loss of Purkinje neurons, and be-
havioral abnormalities consistent with
cerebellar dysfunction in young mice.
In addition, other brain regions, where
neuron loss was not apparent (especially
the amygdala and hippocampus), show
high accumulation of certain lipid species
(in particular GM2 and unesterified
cholesterol) in LAMP2-positive com-
partments, which likely correspond to
lysosomes. These phenotypes suggest a
role for NHE6 in regulating the function
of the endolysosomal pathways in neu-
rons. Work in nonneuronal cells also
implicated NHE6 in endosomal function
(Ohgaki et al., 2011), but the exact role it
plays in neurons and during development
were not known. Since NHE6 is mutated
in human neurodevelopmental disorders
and downregulated in postmortem tissue
from autism patients (Schwede et al.,
2013), unraveling the detailed cellular
functions of NHE6 in neuronal endosomes
and its effects on development are
of particular importance and might link
endosomal NHEs mechanistically to
autism-spectrum pathophysiology.
Inmammals, NHEs comprise a family of
nine Na+/H+ exchanger isoforms. NHEs
regulate the pH of the cytoplasm and
the inside of organelles by exchanging
Na+/K+ for H+ and allowing proton effluxInc.from organelles. NHE1–NHE5 are found
in the plasma membrane, while NHE6–
NHE9 are predominantly localized to
distinct organelles including TGN and
early and recycling endosomes (Ohgaki
et al., 2011). NHE6 is found in endosomes
in many cell types and contributes to
setting the characteristic pH profile for
different endosomal subpopulations. It
is well established that the internal pH
of endosomes becomes progressively
more acidic as endosomes mature from
early/recycling to late endosomes, and
finally lysosomes, which have a pH
below 5 (Huotari and Helenius, 2011).
Progressive acidification along the endo-
lysosomal axis is crucial for regulating
residence times of cargos in endosomes
and rates of degradation. Since many
receptors continue to signal from endo-
somes after internalization, the pH
profile across endosomal populations is
critical for regulating signal duration for
many ligand-bound signaling receptors,
including neurotrophin receptors (Ascan˜o
et al., 2012). Multiple classes of pumps
and transporters collectively set the pH
of a given organelle (Scott and Gruen-
berg, 2011). The only active proton
pump is the Vo-ATPase, which consumes
ATP in order to pump protons into
the lumen of an organelle. In order to
continue acidification to a final pH of
5 or below, chloride proton cotrans-
porters (ClCs) are additionally required
to pump negatively charged chloride
ions into the organelle. The endosomal
NHEs, in contrast, exchange protons
from the lumen with Na+/K+ from the
cytoplasm and as a consequence leak
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raising the lumenal pH.
Ouyang et al. (2013) carry out careful
localization studies for NHE6 both in
brain and in cultured neurons with a
newly generated antibody. Consistent
with previous reports in nonneuronal
cells, NHE6 localizes with transferrin to
early and recycling endosomes, as
marked with rab5 and rab11. About half
of the rab7-positive endosomes are
also stained for NHE6. NHE6 is thus pre-
sent throughout much of the endosomal
pathway but likely not present in the
most acidified rab7-positive lysosomes.
Using several pH-sensitive probes,
Ouyang et al. (2013) measured the intra-
lumenal pH of NHE-positive endosomes
and discovered a decrease in the pH
within endosomes in mutant neurons
compared to wild-type neurons. The
presence of overacidified endosomes in
NHE6 knockout neurons is consistent
with the proposed role of NHE6 as an
organellar proton leak channel. Signifi-
cantly, they also observed more highly
acidified endosomes extending further
into the distal axon. Considering the
fact that pH within endosomes increases
with the distance from the soma, their
finding of low-pH endosomes in distal
axons of mutant neurons strongly indi-
cates that NHE6 plays an active role
in regulating the pH of endosomes in
growing axons and demonstrates that
the distribution and internal pH of endo-
lysosomes is significantly altered in
neurons lacking NHE6.
Does a disturbance in the distribution
and relative abundance of low-pH endo-
somes affect neuronal development?
NHE6 is detected abundantly in growing
axon tracts in the cortical plate, striatum,
and thalamus and in major fiber tracts
of the postnatal brain. In dissociated neu-
rons, NHE6 is expressed prominently
within both growing axons and dendrites,
often being enriched at tips and branch
points, suggesting a role of NHE6
endosomes in axon and dendrite devel-
opment. NHE6 expression is reduced
in axon tracts of adult brains but still pre-
sent in a subset of synapses, colocalizing
to variable extents with both presynaptic
and postsynaptic markers. An important
function for NHE6 at synapses is thus
also suggested by the localization. In
order to determine whether lack of NHE6affected axon or dendrite growth, synap-
ses, and ultimately functional connectivity
in the brain, Ouyang et al. (2013) charac-
terized neurons both in vitro and in vivo.
In young neurons cultured from NHE6
null mouse, Ouyang et al. (2013) observed
a significant reduction in axon and
dendritic branch points and in primary
neurite number. Similar abnormalities
were also observed in vivo. The neuro-
nal morphogenesis defect in NHE null
cultured neurons could be rescued by
expression of wild-type NHE6. When
Ouyang et al. (2013) expressed an NHE6
mutant incapable of proton transport,
the morphogenesis phenotype was not
rescued, even though the mutant NHE6
protein localized correctly to endosomes.
This finding shows that the proton leak
function of NHE6 is required for neuronal
arborization and is thus likely due to
overacidification of endosomes observed
in NHE6 knockout neurons.
Ouyang et al. (2013) also found a reduc-
tion in functional connectivity using elec-
trophysiological recordings in slices and
reduced synapse numbers and fewer
mature spines. NHE6-containing endo-
somes thus might also play important
roles in synaptogenesis. Interestingly,
a recent paper by Anne McKinney’s
group showed that NHE6 is present strik-
ingly in dendritic spines of hippocampal
neurons in area CA3 and partially colocal-
ized with AMPAR (Deane et al., 2013).
Moreover, NHE6-containing endosomes
were robustly recruited to dendritic spine
heads following chemical LTP. Since the
recycling/degradation balance of gluta-
mate receptors at synapses is known to
be crucial for plasticity, how the regulation
of the activity and distribution of the acid-
ification machinery at and near spines
affects synaptic function is an exciting
open question in the field. More work on
the functional consequences of NHE6
loss on AMPA receptor trafficking is sure
to follow and will give us new insights
into how the pH profile of synapse-near
endosomes affects synaptic strength
and how it might contribute to learning
and memory.
Dendrite growth and branching is
regulated by many cellular processes,
including cytoskeleton, adhesion recep-
tors, as well as neurotrophin signaling.
Endocytosis and endosomal regulators
have also been implicated in dendriteNeuronmorphogenesis (Jan and Jan, 2010), but
the relevant cargos subject to endocy-
tosis are still mostly unknown. Ouyang
et al. (2013) wondered which cargo might
be affected by the changed endosomal
pH in the NHE6 knockout mice to cause
the dendritic growth phenotype. BDNF/
TrkB is well known to be involved in
neuronal arborization (Jan and Jan,
2010) and to require endosomes for
signaling. Ouyang et al. (2013) thus tested
the hypothesis that altered acidification
of signaling endosomes leads to aberrant
BDNF signaling in NHE6 knockouts.
NHE6 colocalized with TrkB in the soma,
along growing axons and dendrites.
NHE6 mutants showed a decrease in
TrkB receptor levels and decreased
signaling following BDNF treatment.
Levels of TrkB in NHE6 mutant neurons
could be restored to wild-type levels
when lysosomal hydrolases were inhi-
bited, indicating that the reduced TrkB-
mediated signaling in the NHE6 mutant
was due to increased rates of TrkB
degradation in overacidified endosomes.
Strikingly, addition of BDNF to cultured
NHE6 knockout neurons rescued the
dendrite morphology phenotype, thus
arguing that at least some of the NHE6
mutant phenotypes could be ameliorated
by increasing BDNF-mediated signaling.
Given how many distinct cargos enter
endosomes, it will be important to deter-
mine which other receptor systems are
dysregulated in the NHE6 mutants and
how these other cargos might contribute
to the global phenotypes observed. In
addition, work in nonneuronal cells
uncovered a role for NHE6 in clathrin-
dependent endocytosis of transferrin
but not EGF (Ohgaki et al., 2011). This
observation raises the question of
whether NHE6 also regulates endocytosis
per se in neurons or other cell types in
the brain and whether this manifests
phenotypically.
Lastly, the functional defects asso-
ciated with neurons displaying altered
endosomal pH profiles raises the impor-
tant question of how the distribution
and number of pumps and transporters
that set endosomal pH throughout the
endo-lysosomal pathway are regulated.
Currently, the mechanisms underlying
the trafficking and localization of organel-
lar NHEs and other proton pumps remain
largely unknown (Ohgaki et al., 2011).80, October 2, 2013 ª2013 Elsevier Inc. 5
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endosomal recycling pathway. Rack1 in-
teracts with the C terminus of NHE6,
NHE7, and NHE9. Knockdown of Rack1
caused a decrease in cell surface levels
of NHE6, while an increase in endoso-
mal-associated NHE6 led to elevated
endosomal pH, indicating the impor-
tance of maintaining NHE6 levels
between intracellular compartments and
the plasma membrane. These data sug-
gest that a tightly regulated distribution
of NHE6 is required for proper polarized
membrane trafficking and maintenance
of cell polarity (Ohgaki et al., 2011). Similar
trafficking control is surely operative in
neurons to ensure the correct distribution
of proton pumps and exchanger and
thereby the correct acidification of the
endosome. Much still needs to be learned
about the molecular mechanisms that
achieve this and what the functional
consequences are of loss of proper
organelle acidification. Exciting progress6 Neuron 80, October 2, 2013 ª2013 Elsevieris now linking disturbances in acidification
to neurodegeneration (Li and DiFiglia,
2012; Nixon et al., 2001; Wang and Hie-
singer, 2012) and, in this most recent
paper, to autism-related neurodevelop-
mental disorders.REFERENCES
Ascan˜o, M., Bodmer, D., and Kuruvilla, R. (2012).
Trends Cell Biol. 22, 266–273.
Deane, E.C., Ilie, A.E., Sizdahkhani, S., Das Gupta,
M., Orlowski, J., and McKinney, R.A. (2013).
J. Neurosci. 33, 595–610.
Gilfillan, G.D., Selmer, K.K., Roxrud, I., Smith, R.,
Kyllerman, M., Eiklid, K., Kroken, M., Mattingsdal,
M., Egeland, T., Stenmark, H., et al. (2008). Am.
J. Hum. Genet. 82, 1003–1010.
Huotari, J., and Helenius, A. (2011). EMBO J. 30,
3481–3500.
Jan, Y.-N., and Jan, L.Y. (2010). Nat. Rev. Neuro-
sci. 11, 316–328.
Li, X., and DiFiglia, M. (2012). Prog. Neurobiol. 97,
127–141.Inc.Nixon, R.A., Mathews, P.M., and Cataldo, A.M.
(2001). J. Alzheimers Dis. 3, 97–107.
Ohgaki, R., van IJzendoorn, S.C.D., Matsushita,
M., Hoekstra, D., and Kanazawa, H. (2011).
Biochemistry 50, 443–450.
Ouyang, Q., Lizarraga, S.B., Schmidt, M., Yan, U.,
Gong, J., Elisor, D., Kauer, J.A., and Morrow, E.M.
(2013). Neuron 80, this issue, 97–112.
Schwede, M., Garbett, K., Mirnics, K., Geschwind,
D.H., and Morrow, E.M. (2013). Mol. Psychiatry.
Published online March 19, 2013. http://dx.doi.
org/10.1038/mp.2013.28.
Scott, C.C., and Gruenberg, J. (2011). Bioessays
33, 103–110.
Strømme, P., Dobrenis, K., Sillitoe, R.V., Gulinello,
M., Ali, N.F., Davidson, C., Micsenyi, M.C., Steph-
ney, G., Ellevog, L., Klungland, A., and Walkley,
S.U. (2011). Brain 134, 3369–3383.
Walsh, C.A., Morrow, E.M., and Rubenstein, J.L.R.
(2008). Cell 135, 396–400.
Wang, D., and Hiesinger, P.R. (2012). Autophagy 8,
711–713.
Yap, C.C., and Winckler, B. (2012). Neuron 74,
440–451.Exploiting Exploration:
Past Outcomes and Future ActionsKenway Louie1,*
1Center for Neural Science, New York University, 4 Washington Place, Room 809, New York, NY 10003, USA
*Correspondence: klouie@cns.nyu.edu
http://dx.doi.org/10.1016/j.neuron.2013.09.016
Applying past knowledge to future actions is crucial for adaptive choice behavior. Here, in this issue of
Neuron, Donahue et al. (2013) show that reward enhances neural coding reliability for actions in a network
of frontal and parietal brain areas.Consider a soccer player lining up for
a penalty kick, who knows from past
experience that the goalie has a slight
bias for rightward saves but only at
the end of a match. To use that infor-
mation, he must weigh the context,
appropriately value different alternatives,
and select and execute an action. Thus,
the process of applying prior knowledge
to future behavior involves a number of
related cognitive functions—including
valuation, memory, action selection,
and cognitive control—necessary foradaptive decision making in a dynamic
environment.
An influential framework integrating
these processes arises from computa-
tional theories of machine learning (Sut-
ton and Barto, 1998). The core idea in
these reinforcement learning (RL) models
is that agents acquire information about
the value of actions through interaction
with the environment, using reward to
guide the learning process. To update
the value of actions, such models
employ error-driven learning using aquantity known as reward prediction
error (RPE), the difference between
reward received and reward expected.
For example, actions that produce
reward that is better than expected
have their associated values increased.
In stable environments, this procedure
produces value estimates that converge
appropriately to the average reward.
Neuroscientific interest in RL emerged
with the discovery that midbrain dopa-
mine neuron activity in classical and
operant conditioning tasks carries an
